Three planets have been directly imaged around the young star HR 8799. The planets are 5-13 M Jup and orbit the star at projected separations of 24-68 AU. While the initial detection occurred in 2007, two of the planets were recovered in a re-analysis of data obtained in 2004. Here we present a detection of the furthest planet of that system, HR 8799 b, in archival HST/NICMOS data from 1998. The detection was made using the locally-optimized combination of images algorithm to construct, from a large set of HST/NICMOS images of different stars taken from the archive, an optimized reference point-spread function image used to subtract the light of the primary star from the images of HR 8799. This new approach improves the sensitivity to planets at small separations by a factor of ∼10 compared to traditional roll deconvolution. The new detection provides an astrometry point 10 years before the most recent observations, and is consistent with a Keplerian circular orbit with a ∼70 AU and low orbital inclination. The new photometry point, in the F160W filter, is in good agreement with an atmosphere model with intermediate clouds and vertical stratification, and thus suggests the presence of significant water absorption in the planet's atmosphere. The success of the new approach used here highlights a path for the search and characterization of exoplanets with future space telescopes, such as the James Webb Space Telescope or a Terrestrial Planet Finder.
INTRODUCTION
After more than a decade marked by the great success of the radial velocity and transit planet detection techniques, the direct imaging technique has finally made its grand entry on the scene in late 2008 through a series of exciting exoplanets discoveries (Marois et al. 2008; Kalas et al. 2008; Lafrenière et al. 2008; Lagrange et al. 2008) , including the spectacular discovery of the multiple-planet system HR 8799. This system showcases three planets of mass 5-13 M Jup orbiting at projected separations of ∼24, 38 and 68 AU. It is located 39.4 pc away from the Sun and appears to be seen nearly face-on. The planets all orbit the star in the same direction and likely in the same plane, consistent with formation within a circumstellar disk. The host is a 30-160 Myrold star of spectral type A5, mass ∼1.5 M ⊙ and luminosity ∼4.9 L ⊙ ; it is also classified as both γ Dor and λ Boo types. A large infrared excess is detected at ∼100 µm, suggesting that the planetary system is surrounded by a large dust disk. The reader is referred to Marois et al. (2008) and references therein for further details on this system.
As the first multiple-planet system directly imaged, HR 8799 offers many new possibilities to advance our understanding of planets. First, multi-wavelength photometry and spectroscopy of these three planets, which are almost certainly of the same age and metallicity, will be of great value for the validation and calibration of both evolutionary and atmospheric models of giant planets. Also, with good measurements of the orbits of the planets, it could be possible to inde-pendently constrain their masses through dynamical studies, as already attempted by Fabrycky & Murray-Clay (2008) .
Besides its high scientific interest, the discovery of the HR 8799 system represents a great technical achievement given the brightness ratios and angular separations between the planets and the star. The main obstacle to direct imaging of exoplanets, for both space-and ground-based telescopes, is the scattering of stellar light by irregularities on optical surfaces which creates a halo of bright quasi-static speckles around the stellar core, masking the underlying fainter planets. The planets around HR 8799 were initially discovered using adaptive optics and the angular differential imaging (ADI) technique (Marois et al. 2006) , which uses the natural fieldof-view rotation of an alt-az telescope to discriminate planets from quasi-static speckles. Effectively, this techniques allows to construct a high-fidelity image of the stellar pointspread function (PSF) that does not contain the signal of any eventual planets; this reference PSF image is subtracted from the target image to remove the light from the star while preserving that of any eventual planet. This technique, coupled with the locally-optimized combination of images (LOCI) algorithm (Lafrenière et al. 2007b) , has proved to be the most efficient approach to detect planets from the ground (see e.g. Lafrenière et al. 2007a) .
Following the initial detection of HR 8799 b and c in October 2007, a careful re-analysis of adaptive optics observations of HR 8799 obtained in July 2004, using improved PSF subtraction algorithms, allowed to recover both planets, thus providing a baseline of four years relative to the most recent observations of September 2008. This four-year baseline firmly establishes common proper-motion of the two outermost planets and clearly reveals their orbital motion. However, this baseline is still quite small compared to their orbital periods (P > 200 yr), and astrometric measurements over a longer baseline would be highly valuable in better constraining their orbits, and consequently the star and planets masses. This will require several years of observations, but could be achieved more rapidly should a similar re-analysis be applied successfully to even earlier data.
HR 8799 was observed with HST/NICMOS in 1998 as part of a direct imaging survey for massive planets around young nearby stars (program 7226, PI Eric Becklin); the main results of this survey were published in Lowrance et al. (2005) . Although these observations have, in principle, sufficient angular resolution and flux sensitivity to see the planets of the HR 8799 system, the scattered light from the bright primary prevented their actual detection. This scattered light can be partly removed by subtracting images obtained at two different spacecraft roll angles, the so-called roll-deconvolution technique (Schneider & Silverstone 2003) , but this is insufficient to reveal the planets because of important PSF evolution between the two roll angles. As part of the same HST program, many other stars were observed using the same instrumental configuration as for HR 8799, and as a result several images display PSFs very similar to that of HR 8799. As suggested in Lafrenière et al. (2007b) , such observations provide a very interesting basis for constructing an optimized reference PSF image using the LOCI algorithm. The LOCI algorithm, detailed in Lafrenière et al. (2007b) , determines the coefficients needed to linearly combine several reference images into an optimized reference PSF image whose subtraction from the target image will minimize the residual noise. An important and powerful feature of this algorithm is its flexibility to optimize the PSF subtraction locally over several sub-sections of the image. Applied to the HST data set mentioned above, the LOCI algorithm could potentially reduce the scattered light of HR 8799 sufficiently to reveal the planets. With this in mind we have re-analyzed these data and here we report the successful detection of the furthest of the three planets, HR 8799 b, thus extending astrometric measurements of this planet to ten years. Incidentally, this means that an exoplanet could have been discovered by direct imaging only a few years after the discovery of 51 Peg b by the radial velocity technique.
DATA SET AND ANALYSIS
All the data used in this study come from HST program 7226, which was a survey for giant planets and brown dwarfs around young nearby stars. The observations used the NIC-MOS medium resolution camera NIC2, the F160W filter and the 0.63 ′′ diameter occulting spot to reduce the diffracted light from the primary star. Typically three images of each target were obtained at each of two roll angles differing by 29.9
• . A total of 39 targets were observed for this program. The pipeline-reduced images used here were retrieved from the HST archive housed at the CADC.
5
As mentioned above, the LOCI algorithm was used with this large set of well-correlated images to construct and subtract an optimized PSF for each of the six images of HR 8799. A priori, the set of reference images used by the LOCI algorithm could include all images of targets that are not HR 8799, but in practice we have omitted some targets from the set because they showed a second point source within a separation of 3
′′ from the star, were significantly fainter than HR 8799, or were not centered behind the coronagraph. cross-correlation of the secondary mirror support diffraction spikes. The algorithm was first applied with the specific goal of detecting HR 8799 b, and thus a single optimization region was used. This optimization region was defined as a half annulus extending radially from 1.275 ′′ to 2.175 ′′ and centered on, but excluding pixels within a radius of 5 pixels from the calculated position of HR 8799 b. The exclusion was used to prevent the algorithm from trying to subtract the companion itself, thus biasing the determination of the coefficients of the linear combination and affecting the residual flux of the companion. The area of the optimization region, ∼900 pixels, is equivalent to 225 PSF cores (i.e. the characteristic size of a speckle). This number of "degrees of freedom" in the optimization region may be compared with the number of different variables, 46 different observations (23 sources each at two roll angles), in the linear combination of the optimum reference image. The different observations do not represent free parameters of the model PSF, however, as they are highly correlated with each other.
The companion HR 8799 b was detected in all six residual images and its position between the two rolls angles is precisely equal to the spacecraft rotation angle applied. The three residual images at each roll angle were co-added and the results are shown in Fig. 1 . At the peak pixel of the companion in these co-added images, the detections are at the levels of 10σ and 6σ for the first and second roll angles, respectively. We have verified that the residual noise in the optimization region closely follows a Gaussian distribution, thus the significance of the detection is high. The improvement in PSF subtraction provided by the LOCI algorithm is obvious from Fig. 1 , in which the much higher residuals of the rollsubtracted image is apparent. At the separation of HR 8799 b, the residual noise in the LOCI-subtracted image is nine times lower than for the classical roll-deconvolution image (panel b of Fig. 1 ). It is interesting to note that the LOCI subtraction almost reaches the PSF photon noise. At the separation of HR 8799 b, we estimate that the total residual noise is ∼1.8 times more important than the local photon noise. To confirm that the above detection is not an artifact from the image processing done, we have repeated the analysis 1) without excluding the region containing the companion from the optimization half-annulus, and 2) using only half of the available reference images. The companion was still well detected in both cases, although at lower signal-to-noise ratios (S/Ns) as expected. We have repeated the above analysis with an optimization region designed specifically for HR 8799 c, at ∼0.9
′′ , but the results were inconclusive. The same applies for d, which is at an even smaller separation.
RESULTS
The astrometric and photometric analysis of the companion was done using model PSFs generated with the TinyTim 6 software (version 7.0) (Krist 1993) . Model PSFs appropriate for the NIC2 pre-cryocooler camera with the F160W filter were generated for each of three approximate positions on the detector: the central star, the companion at the first roll angle, and the companion at the second roll angle. All model PSFs were generated for a width of 10 ′′ and a pixel oversampling factor of 9 to minimize interpolation effects when shifting images. Accordingly, during the analysis all shifts were done on the oversampled images, which were then binned 9 × 9 pixels to match the actual NIC2 plate scale. Initially, the model PSFs are normalized to a total flux of one.
For each image, the appropriate companion model PSF was first spatially shifted and intensity scaled over a grid in dx, dy, and flux. Then each model PSF in this 3D parameter space was subtracted from the image and the residual noise in a 7 × 7-pixel box centered on the companion was computed. The combination of dx, dy, and flux that yielded the minimum residual noise was found and provided the coordinates and flux of the companion. The uncertainty on the position of the companion, 5 mas, was estimated from the dispersion of the measurements made in all individual images. The center of the star was determined by shifting the appropriate model PSF to maximize the cross-correlation of its diffraction spikes with those of the actual image, as well as by a cross-correlation of the observed PSF diffraction spikes with themselves after a rotation of 180
• about the inferred center; the maximum difference between these two centroid measurements, ∼0.1 pixel or 7.5 mas, was taken as an estimate of the centroid accuracy. The pixel coordinates of the star and companion were converted to RA and DEC using the astrometry solution defined in the image FITS headers. A S/N-weighed mean of the relative position of HR 8799 b over the six images was finally calculated; the results are indicated in Table 1 .
Since the model PSFs span 10 ′′ , the companion flux found by the above procedure is effectively the same as that in an infinite aperture. The information in the NICMOS Data 6 http://www.stsci.edu/software/tinytim/tinytim.html NOTE. -F160W from this work; others from Marois et al. (2008) . Handbook v7.0 was then used to convert this flux (20.5 ± 2.5 counts s −1 ) to physical units, yielding (4.2±0.5)×10 −5 Jy, or a magnitude of 18.54 ± 0.12. This magnitude is also indicated in Table 2 along with the measurements reported by Marois et al. (2008) and the expected magnitudes for two different atmosphere models (see §4 for more detail on models).
DISCUSSION
As visible in Fig. 2 , the new position is consistent with the previous ones, and still suggests a nearly circular orbit seen close to face-on. We have done very simple orbital fits to verify that the data are consistent with true Keplerian orbits. For simplicity, we have considered only circular orbits and assumed that the stellar mass is precisely equal to 1.5 M ⊙ , and then we explored a range of semimajor axes (a = 60-100 AU) and inclinations (i = 0-45
• ). The best fits, with a χ 2 ∼ 3.2, were found for a ∼ 68-74 AU and i ∼ 13-23
• ; an example of such fit is shown in Fig. 2 (Barman et al., in prep.) with parameters selected by comparing the planet's age and luminosity to substellar evolution tracks (Marois et al. 2008) . The observed and model photometry are listed in Table 2 . The F160W filter is wide enough to incorporate a substantial fraction of the water band between the J and H bands. Since the depths of the water bands are greatly reduced as dust content increases, this filter, and other NICMOS band-passes, have greater potential for constraining the atmospheric dust content than the standard ground-based near-IR windows. As can be seen in Fig. 3 (and Table 2 ), the new F160W photometric point is in excellent agreement with this intermediate cloud model, and about 2σ fainter than an extreme dusty atmosphere having clouds that blanket most of the atmosphere. While the overall agreement with the extreme cloud atmosphere model appears to be relatively good, based on Table 2 , this model requires T eff = 1600 K (cf ∼800 K for the intermediate cloud model) and a very small radius (∼4 Earth radii) to match the observed luminosity. Both of which are inconsistent with formation and evolution models.
CONCLUDING REMARKS
The work presented here demonstrates that the LOCI algorithm can take HST data a step further, extending the sensitivity to planets beyond what has been achieved before. The good performance of the LOCI algorithm with HST data is due in large part to the high stability of the optical aberrations of HST and the consistent, accurate pointing between the different visits. Over the years, a large archive of HST observations aimed at detecting exoplanets has been assembled. Based on the present results, it would be interesting to look again at this set of data, using the LOCI algorithm, to see if any other sources have been missed by previous searches. On a related note, it could be interesting to attempt a re-analysis of archival ground-based AO observations using an approach similar to that used here. However, this could turn out be much less efficient than for HST given the larger evolution of the PSF structure for ground-based telescopes.
Looking into the future, the approach presented here should definitely be an integral part of the strategy for the search and characterization of planets with future space telescopes, such as the James Webb Space Telescope (JWST) or a Terrestrial Planet Finder. JWST, for instance, is expected to be relatively stable in temperature and should not suffer from the breathing problem experienced by HST. Its PSF should therefore be more stable than that of HST and the LOCI algorithm will likely perform extremely well, especially for observations obtained within a given wavefront adjustment campaign, typically every 14 days (Gardner et al. 2006) . A preliminary analysis of the JWST PSF temporal evolution done by Makidon et al. (2008) indeed suggests that PSF subtraction should perform well. For this approach to work, enough attention should be paid to the accurate positioning of the different targets, in particular for observations made with the coronagraphic occulting masks. Having an efficient PSF subtraction strategy will be absolutely necessary for JWST given its complicated, speckled PSF structure arising from its segmented pupil, in addition to the speckles arising from the unavoidable optical aberrations. While roll-deconvolution could perform well for JWST in the absence of telescope breathing, the LOCI approach remains very interesting given the observatory's maximum roll angle of only ±5
• , which will severely limit the use of roll-deconvolution at small separations.
